When the founder of a field of investigation departs from our midst, there is the palpable feeling among his or her close associates that an era has come to an end. Such is the sense that the elders of the field of genetic recombination feel with the passing of Robin Holliday, whose very name is synonymous with the process. He died at his home on the outskirts of Sydney, Australia, on the 50 year anniversary of his seminal model for recombination. To be sure, his passing leaves a hole in the hearts of immediate friends and colleagues. But, as is often the case when a towering figure passes, younger investigators who quite possibly never met him nor completely appreciated the historical context from which their own field originated might not feel his loss so acutely. So, for all of his associates and investigators in the field, whatever their standing, this brief recollection is offered as a remembrance of Robin as an extraordinary figure and as a reflection on his contributions to science and his hopes for the future.
Robin, the youngest of four brothers, was born in 1932 in the ancient city of Jaffa in the British Mandate of Palestine, his father having been brought in as an architect to help modernize the infrastructure after the fall of the Ottoman Empire. During his early years, the family also lived in Ceylon (now Sri Lanka), South Africa, and Gibraltar. No doubt four young boys could not have asked for a better environment for adventure and discovery. So, growing up exploring these rich and changing landscapes imprinted on him a curiosity for the natural world that was to shape his career. The family returned to England after the end of World War II, and following several years of schooling, Robin entered Cambridge University in 1952 to study natural sciences. He did not find university life particularly fulfilling and remarked that, at the time, the science taught there was neither challenging nor up to date. For example, he complained that a botany instructor specializing in taxonomy refused to believe that Mendelian genetics was important and that the textbook he used for plant physiology was published in 1894. This pessimistic outlook changed completely one day in the autumn of 1954 when he heard a lecture by Harold Whitehouse describing the Watson-Crick structure of DNA and its strong genetic implications, in particular that the pairing between homologous chromosomes at meiosis might depend on base pairing. Although he was miffed that it took 18 months for the discoveries of Watson and Crick, who were working in Cambridge, to reach the ears of Cambridge undergraduates, this was a defining moment in his career as he decided he wanted to carry out research in genetics. To this end, Robin joined Harold Whitehouse's laboratory in the Botany School as a graduate student. Harold's personal research interest was in mosses, but his approach to training was to suggest to new students that they develop the genetics of some new microorganism not previously well studied. He suggested that Robin consider investigating a species of the parasitic smut fungi of plants because, unlike other fungi under study at that time that grew in a filamentous form, smut fungi grew as a single cell in a yeast-like form. This would make experimental manipulations easier to manage. After some consideration, Robin and Harold concluded that Ustilago maydis would be the best species for study, and after they obtained dormant spores from Jonas J. Christensen's laboratory at the University of Minnesota, Robin set out to investigate the genetics of U. maydis.
He embarked on this endeavor the same year that Carl Lindegren's discovery of gene conversion in yeast was confirmed in Neurospora by Mary B. Mitchell. These fungi have the property of producing tetrads or octads, respectively, after meiosis enabling isolation and analysis of the products of a single meiotic event.
Gene conversion was noted as a deviation (3:1, 1:3 or 6:2, 2:6, respectively) from the normal Mendelian segregation of markers (2:2 or 4:4, respectively) in tetrads or octads, the latter arising by one further mitotic division after meiosis. Subsequent studies showed that gene conversion was frequently associated with crossing over of outside markers. Copy choice was proposed as an explanation for gene conversion. This process is based on a conservative mode of DNA replication in which parental molecules serve as templates for synthesis of daughter molecules. It was imagined that synthesis of daughters could switch between templates during premeiotic DNA synthesis and that reciprocal switching would result in crossing over while miscopying could give rise to gene conversion. Robin, however, dismissed this model out of hand because it flew in the face of the semiconservative mode of replication implicit in the Watson-Crick structure of DNA.
The aim of Robin's Ph.D. project was to investigate the relationship between fine structure mapping and recombination, so he was thinking hard about the molecular mechanism and alternatives to copy choice while developing the U. maydis genetic system. At the end of his statutory 3 year period of research, his progress had gone slower than hoped on his U. maydis genetics project, but at the same time, he had begun to formulate a new mechanism to explain gene conversion. He left Cambridge to start a postdoctoral position at the John Innes Horticultural Institution in the laboratory of Peter R. Day, an eminent fungal geneticist who, at the time, was working with Coprinopsis. However, Peter graciously agreed that Robin could continue his work on U. maydis.
During the next several years, Robin refined his model while continuing to investigate U. maydis recombination. The model featured two paired homologous DNA molecules or chromatids joined through a symmetrical four-way junction and symmetrical steps involved in both the formation and resolution of the junction. He proposed that single strands of the same polarity would separate from their respective complementary partner at precisely the same point and then swap with the complementary partner of the other homologous DNA molecule. This would result in a hybrid region in each DNA molecule or chromatid. If a point of heterozygosity lay in this region, then there would be mispairing of bases at the site, and if the mispair was corrected by a repair enzyme, then, depending on the direction in which these changes occurred, 1:3 or 3:1 ratios for particular alleles could be achieved in the absence of DNA synthesis. If the four-way junction was resolved either by cutting the pair of strands that were swapped, flanking markers would remain in the parental configuration, but if the other pair of strands were cut, then flanking markers would be in the recombinant configuration. The model neatly explained a molecular mechanism for gene conversion and how it could be associated with Mendelian segregation of markers without invoking a conservative mode of DNA synthesis. The brilliance of the model was in hypothesizing the symmetrical four-way junction, an enzyme system for mismatch repair, and another system for junction resolution, all of which were discovered later and elegantly worked out in exquisite detail by biochemists. The paper describing the model was rejected for publication by Nature and by Genetics, an irony that seems particularly rich in retrospect but was finally published in a new journal named Genetical Research, which, at that time, would have been considered to have a low impact factor by today's metrics. Nevertheless, the paper was recognized as an exceptional contribution, and it became the cornerstone for the field of homologous recombination. Robin often recounted this experience with rejection to encourage younger scientists to have confidence in their findings and to instill in them the importance of persisting in publishing their work, even if not in the topflight journals.
Robin's experimental work on recombination turned to its genetic basis and the means of its regulation by DNA damage, and in pursuit of this, he spent a year at the University of Washington with Herschel Roman, who had similar interests in yeast. During his time at the John Innes Institute working with U. maydis, he found that recombination could be strongly induced by radiation, and he isolated the first mutants defective in DNA repair and recombination in any eukaryote. Shortly after publishing these findings, a position in the Microbiology Division opened at the National Institute for Medical Research located in Mill Hill on the outskirts of London. As the John Innes Institute was to relocate, Robin decided to join the staff at the Mill Hill laboratories. The director of the institute, Sir Peter Medawar, who had won the Nobel Prize in 1960 for tissue transplantation, wanted to create a new division dedicated to genetics, and so after only a few years, he offered the job as Head of Division to Robin, who accepted with the understanding that he would also continue his investigations on U. maydis. This work continued for several more years, but in the meantime, Robin's research horizons shifted to ageing. This interest was sparked during his year with Herschel Roman, when he came across a paper by Leslie Orgel on the protein theory of ageing. Robin found ageing to be a fascinating biological problem from an evolutionary point of view, and he thought deeply about its implications. At the Mill Hill laboratory, alongside his work on U. maydis, he began studying senescence first in Drosophila and filamentous fungi, and then in human fibroblasts, to test Orgel's theory. Unlike his experience with his recombination model, his first papers on ageing research were all published in Nature. Robin went on to think about and study ageing the remaining 18 years he was Head of Genetics Division and then later when he relocated to Australia. His group at Mill Hill published more than 100 papers on ageing research. He used to joke with those of us in the laboratory working on U. maydis that, ''If you haven't been interested in ageing before, you will be!'' He was right, of course. His last scholarly paper on ageing was published in 2012.
A number of very talented students interested in recombination mechanisms joined Robin's laboratory at Mill Hill to work on U. maydis genetics. One of these was John Pugh, a student who was exceptionally bright and enthusiastic. John's project was to search for mutants with constitutively elevated levels of recombination in mitotic cells. But, in his perusal of the literature, John became more and more attracted to investigating other biological phenomena. He was intrigued by X chromosome inactivation in eutherian mammals, and in frequent discussions with Robin about possible mechanisms for maintaining an active versus an inactive state, they speculated about epigenetic control in embryogenesis and development. The notion occurred to them that methylation of DNA could be responsible for gene regulation and that gene expression patterns so regulated could be stably inherited. Robin and John formulated these ideas into a theoretical framework for developmental regulation. The paper was published in Science (1975) and became the foundation of another focus for Robin's research efforts in parallel with his work on ageing. He continued investigation of epigenetic control for the rest of his scientific career.
Robin was committed to promoting discussions of recombination mechanisms, and when the opportunity came from EMBO in 1970 to sponsor an international conference, he asked Neville Symonds at the University of Sussex to help him organize what was to become a series of biannual recombination workshops. Robin's idea was to arrange sessions so that, in any given session, investigators working on a variety of experimental systems were mixed together. This improved mutual interactions and made for lively discussions.
With the exception of the first meeting held in Italy, all the workshops Robin and Neville organized were held in the Highlands of Scotland, and the first of these was in the village of Aviemore in Crossover, a bronze abstract sculpture made by Holliday 1973. Here, discussion centered on the Holliday model and the genetic data in support of the equal formation of hybrid or heteroduplex DNA on both chromatids, an intrinsic feature of the Holliday model. Although some results were in support, accumulating evidence of marker segregation in yeast obtained by Seymour Fogel and Robert Mortimer and in Ascobolus by David Stadler was more easily interpreted to mean that heteroduplex DNA formed only on one chromatid. At the meeting, Matthew Meselson and Charles Radding conceived an idea that could accommodate both asymmetric and symmetric heteroduplex formation. They proposed that recombination initiated by a single-strand transfer, which, after an isomerization, could become a two-strand exchange and provide a pathway for generating the Holliday junction. Their model postulated a means for the initial chromatid pairing step, which was not addressed in Robin's original model, but otherwise the Meselson-Radding model retained the central roles of mismatch repair and the Holliday junction.
Subsequent workshops were held in the not-too-distant village of Nethy Bridge at a hotel of the same name with a meeting room that could accommodate 50-60 participants. At the 1983 workshop, Jack Szostak, Rodney Rothstein, and Frank Stahl were there to present their new model for recombination that had just been published in Cell. This model, which derived primarily from experimentation in yeast, challenged Robin's further by proposing that initiation was not symmetrical but rather started by cleavage of both strands of only one chromatid and that gene conversion arose from fill-in repair of the DNA double-strand break that was widened to a gap rather than from mismatch correction of heteroduplex DNA. And further, two Holliday junctions were formed rather than one. The new model stimulated excitement and more experimentation in the field, and certain predictions were indeed borne out, in particular DNA double-strand breakage as an initiator of recombination and a He was a prolific writer on a wide range of topics and wrote numerous speculative articles on scientific topics he found interesting, including several monographs on ageing. In a treatise discussing his humanistic philosophy entitled The Science of Human Progress, he proposed that advances in molecular biological research of the brain in particular and communication of those advances by scientists to the lay public could eventually bring about world peace through understanding the basis for human aggression and the means to defuse it.
Robin's work as a sculptor essentially constituted a second career. He had worked with alabaster before but started doing bronze sculptures, usually very abstract, and enjoyed working with the foundry master to attain a desirable patina for a particular piece. He greatly admired Arnaldo Pomodoro's ''Sphere within a Sphere'' in the sculpture garden at the United Nations Headquarters and made an effort to see it on the occasions when he passed through New York. Of course, he created bronze abstracts of gene conversion and crossing over. Copies of these are on display at various institutions, including the Royal Society in London. An abstract sculpture of the DNA double helix was made for the 50 th anniversary of Watson and Crick's publication of the structure, and a copy was presented to the Laboratory of Molecular Biology at Cambridge University, the place of discovery. A final piece of Robin's scientific legacy is U. maydis, the organism that was his muse in development of his model of recombination. Robin's last scientific publication on U. maydis was in 1986, but about that time, investigators interested in host-parasite relationships starting studying it as a model plant pathogen. Largely due to the efforts of Regine Kahmann and her associates, U. maydis has become a premier system for understanding fungal pathogenesis. Robin was gratified to be honored at the first international conference on Ustilago maydis in Germany in 2002 and to witness the progress being made. The sequence of the U. maydis genome that was published in Nature in 2006 was determined from a strain that Robin derived from a spore he received from America as a graduate student.
Robin was awarded the Lord Cohen Medal for Gerontolotical Research in 1987. He was elected Fellow of the Royal Society in 1976 and awarded the Society's Royal Medal in 2011. He was elected to the Australian Academy of Science in 2005 and was also a member of the European Molecular Biology Organization and a Foreign Fellow of the Indian National Science Academy.
Robin was a warm, gentle, and mirthful man. With his first wife, Diana Parsons, he had a son, David, three daughters, Caroline, Rebecca, and Emma, several grandchildren, and a great-grandchild. With his second wife, Lily Huschtscha, he had a daughter, Mira. His DNA will be recombined and passed on through them.
